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Cell transport and measurement setup

Magnetically shielded room @TUM BMSR-II @PTB
|B| < 1 nT (10 μG) |δB| < 0.3 nT/m (3 μG/m) |B| < 0.8 nT (8 μG) |δB| < 0.4 nT/m (4 μG/m)
SF: 300 below 0.1 Hz 105 above 10 Hz SF: 75000 below 0.1 Hz 108 above 1 Hz

- techniques developed in test runs 2014-2016 - EDM runs started in 2017
- moved to ILL for neutron EDM search - low RF noise, stable environment, manpower on-site
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Experimental Setup

SEOP-setup

EDM-cell

Cell transport

Helium sealed cell
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Figure 3.2: Photograph of the spin-pendulum sitting in the apparatus

Figure 3.3: Photograph of the active elements of the spin-pendulum. The penny is for scale.
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FIG. 4: Bottom: exotic dipole-dipole limits from this work
and Ref. [5]. Arrows indicate the infinite-range constraints
from Refs. [12, 13]. Electron g−2 constraints are at the 10−10

level[14]. Top: limits on the symmetry-breaking scale from
this work and Refs. [15, 16]. The shaded areas are excluded
at 2σ.

absolute value occurs because of the 4-fold ambiguity in
the attractor angle inferred from the 4ω signal. Our Amd

bound is dominated by the systematic uncertainty in δφ.
Alignment microscope measurements showed that phase
of the magnet ring relative to the calibration cylinders
was only fixed to ±0.17◦. An estimated 50µm accuracy

FIG. 5: Monopole-dipole constraints from this work and
refs.[18–21] The shaded region is excluded at 2σ. The mb = 0
limit from Ref. [4]is 2×10−36. (We doubled the 1σ limits given
in refs.[18, 21].)

in positioning the gravitational shims, revealed by the be-
havior of φ10ω in our centering data, contributed an addi-
tional error of ±0.29◦ and increased the uncertainty in δφ
to ±0.34◦. This gives a 1σ result Amd = (18± 12) aNm
with a 2σ limit, Amd ≤ 38 aNm. Our |(gepg

N
s )|/h̄c con-

straint, shown in Fig. 5, improves upon previous work by
up to a factor of 1000 for 1.5 ≤ mb ≤ 400 µeV/c2. The
most sensitive limit on (gnpg

N
s )/h̄c is also at the 10−28

level[22].
Stellar cooling rates[23] constrain Vdd interactions of

simple pseudoscalar particles at a level well below our
bound, and the astrophysics bound on gep, combined with
bounds on gNs from gravitational experiments, set very
tight limits on Vmd interactions between electrons and
nucleons[24]. However, a chameleon mechanism could
invalidate these astrophysical bounds while having a neg-
ligible effect in cooler, less dense lab environments[25]. In
this case Vdd and Vmd can only be constrained by labora-
tory experiments such as this work which reveals that any
hidden symmetry involving electrons must be broken at
an energy scale F > 70 TeV and, if it is explicitly broken
as well, that scale Λ must be > 0.1 MeV. These set the
highest laboratory bounds on the minimum energy scale
of new hidden symmetries involving leptons. Extensions
of general relativity that include torsion as well as curva-
ture predict infinite-range dipole-dipole interactions[26]
and are also constrained by this work.
We thank T.S. Cook, S.M. Fleischer and H.E. Swan-

son for assistance with the apparatus, C.A. Hagedorn
and Amol Upadhye for helpful conversations. This
work was supported by NSF Grants PHY0969199 and
PHY1305726 and by the DOE Office of Science.
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Hugely-coherent sensors
Testing new physics with >1020 coherent particles
• Evade Standard Quantum Limit with very large particle numbers:  

    1. suppress quantum fluctuations 
    2. increases the signal size — linearly if the interaction is coherent


• Comagnetometers and torsion pendula take advantage of this: 
    - set the best limits on: modifications to gravity,  
5th forces and ultra-low-mass dark matter; 
                                                    macroscopic interactions                                                                        
volumes

Figure 13: Cartoon figure roughly representing the parameter space for ultralight dark matter and the
expected reach of various detection methods. The parameter space for general wave-like dark matter is
shown by region shaded in blue. The highest priority target, the QCD axion, is shown by the red line.
Current bounds set by astrophysical constraints are shown approximately by the region in gray. Wavelike
dark matter with masses below ⇠ 10�22 eV are inconsistent with structure formation. Figure from [79].

oscillating electric field produced by the coupling of the axion to a strong imposed magnetic field drives a
high-quality factor (Q) resonant cavity. The most important parameters are the magnetic field strength,
the cavity volume and the noise temperature of the amplifier used to read out the cavity. To compare
amplifier noise performance between devices operating at di↵erent frequency, the noise may be expressed as
a ratio between the measured device noise power and the power corresponding to the Standard Quantum
Limit (SQL) of noise for photons of a given frequency, ⌘ = Pnoise/PSQL. As described in the Quantum
Sensors section of this report (Section 4.4), the SQL applies whenever a conventional amplifier that allows
simultaneous measurements of the amplitude and phase of the electromagnetic field is used to read out the
detector. For this type of device (e.g. a transistor or a DC SQUID), ⌘ > 1. Haloscope experiments have
a figure-of-merit QV

2
B

4
⌘
�2 proportional to the scan speed at a given level of coupling sensitivity, with V

the cavity volume, B the magnetic field, and Q the quality factor of the resonator. Historically, experiments
have operated at noise levels above the SQL. For example, the ADMX-G2 experiment operated in 2017-2018
with ⌘ ⇠ 10, achieving sensitivity to QCD axions between 2.7 and 3.3 µeV [80, 93]. Unfortunately, there
appears to be only a relatively narrow mass window in which a definitive QCD axion search is possible with
⌘ > 1. Future experiments will need to achieve noise below the SQL in order to probe the much wider mass
range allowed by astrophysical constraints. Techniques such as vacuum squeezing (see Section 4.4; initially
demonstrated by the HAYSTAC experiment [94]) and photon counting [95] must be developed. This is an
exciting example of how research in Quantum Sensors may dramatically e↵ect the prospects for discoveries
in particle physics over the coming decades.

For QCD axion dark matter with masses above approximately 100 µeV, the resonant cavity technique
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Torsion Pendulums
Physics reach of scalars

• Fundamental Incomapatibility between GR and Standard Model


• Extremely feeble new scalar particles are widely predicted


• Long-range non-gravitational interactions of Dark Matter


• Ultra-low-mass scalar dark matter direct detection


• Short-distance modifications to gravity: 


• Hierarchy Problem


• Dark Energy  —  85 μm 


• Chameleon Fields — non-renormalizable below ~20 μm

E.G. Adelberger et al. / Progress in Particle and Nuclear Physics 62 (2009) 102–134 113

Fig. 6. Cartoon illustrating the effect of a curled-up large extra dimension on the gravitational force. The cartoon shows one ordinary dimension and one
curled up extra dimension. All non-gravitational physics is assumed to be confined to the ordinary dimension, and only gravity can expand into the extra
dimension. The gravitational lines of force from a point mass placed on our x-axis (which runs from left to right) are shown. As we probe the gravitational
force, by moving away from the point mass along the x axis, we find that for separations small compared to the radius R of the curled-up dimension, the
lines of force diverge, i.e. a 1/r force (Gauss’s Law in 2 dimensions). But as we move along the x axis farther from the point mass the lines cannot expand
any further and become parallel, i.e. a constant force (Gauss’s Law in 1 dimension.) The transition from constant to 1/r force laws is smooth, and is well
approximated by an additional Yukawa term as long as r > R (see citations in Ref. [2]). Figure courtesy of Savas Dimopoulos.

In some contexts, instead of Yukawa ISL violation, one may find power-law potentials, which can be written in the form

V
k

ab
(r) = �G

MaMb

r
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. (19)

Such power-law interactions can be produced by higher-order exchange processes with simultaneous exchange of
multiple massless bosons. These second-order processes are particularly interesting when the exchanged particles are
unnatural-parity (0�, 1+, etc.) bosons (for which the 1st-order force vanishes when averaged over unpolarized test
bodies) or else fermions (for which the 1st-order process is forbidden). For this reason, experimental constraints on
couplings of unnatural-parity bosons are typically quite poor, and themost stringent bounds often come from astrophysical
considerations [43]. Potentials with k = 2 are generated by the simultaneous exchange of two massless scalar [44] bosons.
Simultaneous exchange of massless pseudoscalar [45] particles between fermions a and b with �5-couplings to ga and gb,
gives a k = 3 potential
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1
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Potentials with k = 5 are produced by the simultaneous exchange of twomassless pseudoscalars with �5�µ@µ couplings
such as axions or Goldstone bosons [45], or frommassless ⌫-⌫̄ pairs [46]. Power-law potentialswith fractional k are expected
from unparticle exchange [47].

If an ISL violation were observed, it would then be necessary to find if its form is described by Eq. (18) or (19), or perhaps
by something more complicated, and to determine whether or not the new interaction violates the EP.

3.2. Motivation

Until a few years ago, it was widely assumed that the gravitational ISL should be valid for length scales from infinity to
roughly the Planck length RP =

p
Gh̄/c3 = 1.6 ⇥ 10�35 m, at which scale quantum effects must become important. After

all, the usual argument went, the exponent 2 in the force law simply reflects the fact that we live in a 3-dimensional world.
A wide variety of recent theoretical speculations, motivated in large part by string-theory considerations, have raised the
possibility that fundamentally new phenomena could occur in the largely unexplored regime of length scales between 10
microns and 1mm. Two inherent features of string theory undergird these speculations: the theory inherently contains extra
dimensions and predicts large numbers of extra particles, both of which may appear as violations of the inverse square law.
An extensive review [2] of these speculations has recently appeared, and we refer the reader to this paper for a considerably
more complete discussion of the topic.

Many of these ideas are driven by the two so-called hierarchy problems of gravity:
• The gauge hierarchy problem. Gravity is extraordinarily weak compared to the other fundamental forces. The Planck mass

MP =
p
h̄c/G = 1.2⇥ 1016 TeV/c2 is huge compared to the electroweak scaleMEW ⇠ 1 TeV/c2. It has been argued [48]

that that the true Planck mass, M⇤, could be in the TeV/c2 range if some of the ‘‘extra’’ space dimensions demanded
by string-theory are curled up with a radius large compared to the Planck length. It is possible that the size of some
of the ‘‘large extra dimensions’’ could be large enough to alter the gravitational Gauss Law from 1/r2 to 1/r2+n (n is the
number of large extra dimensions) at small separations r . Fig. 6 schematically illustrates the effect. The additional volume
provided by the extra dimension(s), assumed to be accessible only to the gravitational interaction, would normally allow
most of the real strength of gravity to disappear into the extra dimension(s), but would have the effect of making gravity
become anomalously strong for sufficiently small separations, indicating that the ‘‘true’’ Planck mass could be as small
as a few TeV [48]. Others [49] have suggested that an extra time dimension would cause a weakening of gravity at small
separations.

• The cosmological constant problem. The observed gravitating vacuum-energy density is vanishingly small, compared with
the predictions of quantum mechanics. The gravitating energy density ⇢vac ⇠ 0.7⇢c, inferred from a wide variety of
astrophysical observations [1,50,51], is at least 1060 times smaller (if supersymmetry is ‘‘just around the corner’’) and
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Torsion Pendulums
Long-Range
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Fig. 3. Cross section of the apparatus on the left and a three dimensional drawing of the pendulum on the right.

further reduced by adjusting small tuning screws on the pendulum, shown in Fig. 3. The outer mass moments Q21 and Q31
were monitored by replacing the EP pendulumwith a specially designed gravitometer pendulum that was configured to be
highly sensitive to either the Q21 or Q31 moments.

The turntable consists of a high-quality aluminum air-bearing, to which an optical angle encoder is attached. The
turntable rotation rate is controlled by a digital feedback loop that generates a rotating magnetic field that applies torques
on a coaxial copper cylindermounted directly on the turntable rotor. The optimal signal-to-noise ratio of the torsion balance
occurred at a rotation rate of about 1mHz. Non-linearities in the angle encoder weremapped out by operating the turntable
at rotation rates well above the free resonance frequency of the pendulum. In this situation, the pendulum cannot respond
to any torque, and an apparent twist must be due to a variation in the turntable’s rotation rate. The turntable is operated
at precisely 2/3 of the pendulum’s resonant frequency to ensure that data segments contain an integer number of rotation
and torsion pendulum cycles.

75 days and 96 days of datawere acquiredwith Be–Ti and Be–Al composition dipoles, respectively. The physical locations
of the test bodies on the pendulum were interchanged once for each test-body pair. The resulting differential accelerations
for two sets of test body pairs in the field of the Earth are

aN(Be) � aN(Ti) = (+0.6 ± 3.1) ⇥ 10�15 m/s2 ) ⌘�(Be, Ti) = (+0.3 ± 1.8) ⇥ 10�13

aW (Be) � aW (Ti) = (�2.5 ± 3.5) ⇥ 10�15 m/s2

aN(Be) � aN(Al) = (�2.6 ± 2.5) ⇥ 10�15 m/s2 ) ⌘�(Be,Al) = (�1.5 ± 1.5) ⇥ 10�13

aW (Be) � aW (Al) = (+0.7 ± 2.5) ⇥ 10�15 m/s2.

(16)

The subscripts N and W denote accelerations toward the North and West. All these results support the EP and ⌘� has been
determined a factor 10 more precisely than in a previous experiment [11].

These differential accelerations can been converted into limits on ↵̃ by integrating the charge to mass ratio and Yukawa
factor over the attractor volume for each value of �. For � < 10 km, topographical maps of the Seattle environment were
used to infer themass and charge distributions of the environment. The different ‘‘charges’’ of water and soil were taken into
account. An elliptical layered Earth model [11,30,31] was used for ranges � > 1000 km. Preliminary calculations indicate
that the attractor strength in the intermediate region is at least equal to that for � = 10 km.

In addition to the differential accelerations toward laboratory-fixed attractors, differential accelerations toward
astronomical attractors were determined by fitting the data to the modulated accelerations caused by the astronomical
object as shown in Fig. 4. Preliminary values for differential accelerations toward the Sun and the center of our galaxy are

a�(Be) � a�(Ti) = (�1.8 ± 2.8) ⇥ 10�15 m/s2 ) ⌘�(Be, Ti) = (�3.1 ± 4.7) ⇥ 10�13

a�(Be) � a�(Al) = (0.0 ± 2.5) ⇥ 10�15 m/s2 ) ⌘�(Be,Al) = (0.0 ± 4.2) ⇥ 10�13

ag(Be) � ag(Ti) = (�2.1 ± 3.1) ⇥ 10�15 m/s2 ) ⌘DM(Be, Ti) = (�4.4 ± 6.5) ⇥ 10�5

ag(Be) � ag(Al) = (+1.6 ± 2.8) ⇥ 10�15 m/s2 ) ⌘DM(Be,Al) = (+3.4 ± 5.8) ⇥ 10�5.

(17)

No significant deviations from the EP were observed for any attractor and the value for ⌘DM has been improved, compared
to Ref. [11], by a factor ⇡10.
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determined a factor 10 more precisely than in a previous experiment [11].
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No significant deviations from the EP were observed for any attractor and the value for ⌘DM has been improved, compared
to Ref. [11], by a factor ⇡10.

• Best limits on EP 
violation of dark matter


• Direct interaction


• Long-range 
interaction


• Best limits on EP 
violation at distances  
< 100 km


• Within ~10 of recent 
satellite-missions, but 
much greater detection 
potential



Torsion Pendulums
Future of Long-Range
• Lower noise fibers  (what is the limit)?


• Systematics improvements:


• Improve thermal stability and 
modeling — systematic limit for 
MICROSCOPE as well


• Improve gravitational stability  
and modeling
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Figure 3: Left: Torque noise with a fused silica fiber in the rotating instrument. The power spectrum
demonstrates the improved performance of fused silica on our rotating EP instrument. The amplitude at the
EP-frequency is a stable systematic measured with a single pendulum orientation relative to the vacuum can
and does not indicate an EP-violation. Right: A segment of our EP-apparatus silica-fiber-test campaign.
An EP-violation would appear as a difference between measurements on opposite mirrors. We reach our
lowest noise on weekends – Saturday is Day 4.

4.2.2 Trial science run with improved instrument With the silica fiber installed, a trial-
measurement (without full measurements of systematics) has been conducted. A subset of the
results, including composition-dipole reversals, is shown in Fig. 3. Because lab-fixed systematic
effects (e.g. gravity gradients) are not included, these trial measurements cannot be used for EP
tests toward the Earth. However, this short dataset has the statistical power to set new EP limits
toward the Sun and galactic dark matter.
4.2.3 Improved characterization of thermally-induced systematic effects The as-
sessment of temperature gradients was one of two leading systematics for our EP tests using
Earth or lab fixed sources [32] (also for MicroSCOPE [26]). We have designed, tested, and
installed new differential thermistor-based precision temperature readouts with wireless communi-
cation to the data computer. An undergraduate, Yifei Bai, has been instrumental in every step. The
14-channel system has excellent differential sensitivity (10 µK/

√
Hz). This system will markedly

improve our ability to study, model, regress, and correct temperature-gradient systematic effects
in our measurements.
4.2.4 Continuous gravity-gradient monitor Imperfections in the EP pendulum can couple
to the ambient gravitational gradients. This is a leading systematic uncertainty for EP tests with
lab-fixed sources. We measure the ambient gravity gradients and cancel them with compensator
masses (780 kg lead, see Fig. 1). However, ambient gravity gradients evolve over time with chang-
ing water-content in the soil around the lab. This leaves about ±1% of the ambient Q21-gradient
uncompensated and time-varying, requiring well-informed gravity gradient correction. In previ-
ous EP tests we measured gravity gradients before and after each EP data set by installing our
gradiometer pendulum in place of the EP pendulum. The pendulum exchange is disruptive/risky
and the actual gravity gradient during the EP-measurement must be inferred by interpolating over
periods of weeks. We evaluated two continuous gravity-gradient monitoring strategies: (1) a co-
rotating differential tiltmeter-based design and (2) a continuously operated concentric co-rotating
torsion-balance gradiometer.

We installed and tested the differential tiltmeter design but found excess statistical noise in the

5



Torsion Pendulums
Short-range gravity

• Tests gravity at 40 microns


• Goal 25 microns


• Needs: 
Reduced vibrations, 
perfectly flat surfaces, 
lower patch-effect surfaces

tests. The chameleon [44, 45, 46] and symmetron [47, 48] mechanisms are particularly interest-
ing. Short-range ISL test-bodies are small enough to avoid screening, allowing tests in ‘natural’
regions of parameter space.

Convention: 1/r2 violations are commonly parameterized by a Yukawa potential:

V12(r) = VN (r)(1 + αe−r/λ), (2)

where VN (r) is the Newtonian gravitational potential, λ is a Yukawa length scale, and α is the
new interaction’s strength relative to gravity.
5.1.1 Introduction We have systematically improved 1/r2 tests at short ranges. We have
used torsion pendulum instruments with two different geometries: the parallel plate geometry [49]
and the “spokes pendulum” geometry [9, 10, 12]. We propose to build a new spokes-pendulum
instrument.

Figure 6: Schematic diagram of our proposed new Short-
Range instrument. The instrument will have a 4-10 cm-long
17 µm thick tungsten torsion fiber to reduce the pendulum
bounce and wobble modes. (We cannot use fused silica
since electrical grounding is imperative). The fiber is sus-
pended from a swing damper and from a separate vertical
motion isolator/damper (not shown). Eleven optical metrol-
ogy beams are used to align the pendulum, the foil holder,
and the attractor to each other. The separator foil is on a
motorized alignment stage.

Spokes-pendulum concept: The
spokes-pendulum measures the gravita-
tional attraction between line segments
of mass. The pendulum mass consists
of N horizontal radial line segments ar-
ranged like the spokes of a wheel. Con-
centric, right below the pendulum, is an
attractor wheel with the same mass dis-
tribution as the pendulum. When the at-
tractor rotates, the line segments of the
pendulum and the attractor cause a grav-
itational torque on the pendulum at the
N th harmonic of the attractor rotation fre-
quency. Fig. 8 shows the present mass-
configuration constructed of a platinum
foil with 120 cutouts glued to a circular
glass disk. The Newtonian gravitational
interaction between the pendulum and the
attractor is calculated[12] and the non-
gravitational (e.g. Yukawa) torque is the
difference between the measured and cal-
culated torque.

The gravitational and the non-Newtonian
torques depend on the attractor-pendulum
separation. Fig. 7 shows a preliminary
comparison of measurement and predic-
tion from our 2019 measurement. To pre-
vent all other interaction between the pen-
dulum and the attractor, a thin station-
ary metal foil is stretched between the
attractor and the pendulum. An advan-
tage of the spokes-geometry over the null-
experiment parallel-plate geometry is that
the foil is unlikely to move or deform at the frequency of the science signal – N times per attractor-
revolution.
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Figure 8: Left: Existing spoke-attractor/pendulum geometry. The inner 120-fold pattern is sensitive to
gravity at the shortest scales. The 18-fold outer pattern yields an independent test at longer length-scales
and provides valuable calibration and centering signals. Right: Calculated Newtonian-gravity and Yukawa-
torque amplitudes (α = 1,λ = 25µm, s = 25µm= distance between pendulum and attractor) as a function
of spoke/symmetry number. The new pendulum will have 300 spokes to maximize the Yukawa torque at
small λ.

to smaller masses with more ( 300) spokes. We will electroplate gold into etched trenches in a thick
silicon wafer using nanofabrication and precision-lapping techniques. We have opened a dialogue
with Giorgio Gratta, at Stanford, who has explored the needed high-aspect-ratio techniques for
smaller-scale gravitational test-masses[51]. He has been very generous in sharing techniques
and ideas as we find our way forward. UW has an excellent Nanofabrication Facility 450 m from
our lab that we can use to make these masses. The new masses will have superior dimensional
tolerances and the absence of glue will allow us to reach 4-5 µm-smaller distances. We can make
improved measurements with our existing masses, but new masses are required to reach full sen-
sitivity.
Alignment: The difficulties of achieving small separations of the pendulum, attractor, and foil
scale with the diameter of these components. Global properties, including the warp of those
components, scale with the diameter-squared. Misalignment increases the minimum achievable
distance between the attractor and the pendulum. → (1) In order to reduce the attractor-pendulum
separation by a factor of 2, the pendulum diameter must be reduced by > factor of 2. We will
aim for a 3.5 cm diameter pendulum. (2) Direct interferometric in situ component metrology (see
below).
Shielding foil: A thinner electrostatic-shielding foil → The smaller pendulum and attractor ge-
ometry makes thinner shielding foils possible. We will decrease the foil thickness from 10µm to
≤ 4µm.
Metrology: Unambiguous and precise measurement of the 5-dimensional position/orientation of
the attractor relative to the pendulum is key to accurately modeling the gravitational interaction.
The alignment in our present setup is indirect involving several capacitance measurements asso-
ciated with uncertainties due to cross coupling, stray capacitance. Centering is performed using
gravity, which is time-consuming and increasingly demanding as the number of spokes increases.
→ We will develop and build a complimentary integrated interferometric, in situ metrology sys-
tem (Fig. 6) to accurately determine the pendulum-attractor separation (±0.1µm) during a 1/r2-
measurement. This system will be used to precisely align the pendulum to the attractor and the
foil, thereby permitting closer distances. The pendulum-attractor distance will be calibrated without
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Figure 7: Left: Measured torque signals and Newtonian predictions (solid lines) from our newest short-
range gravity test, for submission prior to February 2020. Right: Yukawa-potential limits [10, 22, 52, 53,
55, 56]. Yellow: excluded parameters. Blue: limit from our new short-range test. Dashed: Approximate
sensitivity of proposed new instrument.

5.2 Results from prior NSF support

The short range experiment effort at UW has gone through several iterations which each sub-
stantially improved the sensitivity to 1/r2-violations. As of Nov, 2019 our peer reviewed 1/r2-tests
were cited 2938 times by theorists and experimentalists. The thesis work of John Lee, who will
graduate in December 2019, is summarized in a submission-ready PRL[22]. Our latest limits
using an EDM-machined platinum foil attractor and pendulum, verify Newtonian gravity down to
the unprecedented length scale of λ = 41µm and demonstrate for the first time the gravitational
interaction of 200 mg masses. Preliminary results were presented at "Testing Gravity 2019" in
Vancouver and at the 2019 APS April Meeting.

We discovered a new magnetic systematic effect due to platinum’s magnetic susceptibility.
Residual magnetic fields inside the inner µ-metal shield weakly magnetize the Pt-wedges of the
attractor and the pendulum in and their mutual interaction nearly mimics gravity. We studied and
characterized this small coupling – it is now taken into account.

5.3 Scientific and Technical Goals: Building a New Instrument

Our group’s short-range gravity test infrastructure was originally built and optimized for testing
gravity at λ ∼ 200µm. With incremental upgrades to the instrument we have been able to test
gravity at ∼ 50µm. However, testing gravity at shorter ranges requires a new instrument design,
informed by our accumulated knowledge. The new instrument will use the spokes-design, but to
pursue shorter ranges many aspects of the apparatus require an improved design or approach.

Below, we list limitations we have discovered and how we will change the design parameters
in the new instrument. Fig. 6 shows a schematic cross-section of the proposed apparatus:

Size: The pendulum-attractor design must be adapted to shorter-range (λ = 25 − 50µm) mea-
surement → The optimal spacing and thickness of the spokes of the pendulum/attractor should
be scaled with λ. For the new pendulum’s overall size this translates to ∼ 300 spokes (see Fig. 8).
This will require microfabrication techniques, like those explored by [50] for this application.
Attractor/pendulum masses Our present mass-distributions are discharge-machined from metal
foil and glued to glass substrates. This method is impractical and insufficiently precise as we move
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Figure 1. The progress in energy sensitivity of comagnetometers since Hughes and
Drever. These results are for the energy of a spin due to its absolute orientation.
The largest jumps in improvement came with the ability to create relatively pure
ensemble quantum states of large numbers of nuclei via optical pumping in the 1980s,
and with the implementation of advanced quantum magnetometers for the read-out
systems in the 2000s. References, from top-left to bottom-right: [5, 6, 9, 10, 11, 12,
13, 14, 15]

least one nuclear spin. This means neglecting important electron-spin comagnetometers such as
those in electron EDM experiments that compare the energies of various electronic spin states, and
spin pendulums which compare the interactions of electronic spin and electronic orbital angular
momentum.

State-of-the-art comagnetometers all use nuclear-spin optical pumping in some fashion, in order
to generate highly-non-thermal spin ensembles. Schematically, the technique is to transfer optical
angular momentum from a laser to an electronic excited state by optical pumping, and then on to
the nucleus. Depending on the transition energies of the atoms and available lasers, some nuclear
hyper-fine states can be pumped directly while others are polarized via spin-exchange collisions
with a more easily polarized atom.

2.1. General comagnetometer types. The main divisions among the nuclear-spin comagne-
tometers are Clock comparisons vs. Quantization-axis comparisons and Spatially-overlapped spin
ensembles vs. Spatially-separated spin ensembles.

Clock comparisons : The precession frequency f of each spin ensemble i is measured, giving
its spin-up/spin-down energy splitting Hspin = hfi. They are then combined in ratios or linear
combinations which isolate HBSM as well as possible from Hmag and Hspin. Clock comparisons
are mostly limited by state-dependent self-interactions of spins and by back-action of the read-out
system on the nuclei, necessitating precise and repeatable initialization of the ensemble state and
quantum decoupling techniques operating at the precision limit.

Quantization-axis comparisons : The quantization axes of two spin ensembles are compared to
determine if there is a component of HBSM acting on one of the ensembles. These systems are

4

comagnetometer, the Alkali-Noble gas self-compensating comagnetometer, and the He-Xe-SQUID
clock-comparison. Several creative implementations and measurements paved the way for these,
which we touch on briefly. Some new concepts in comagnetometry which are under development
are mentioned in “Future directions: Novel comagnetometers” (Sec. 4.2). The fundamental physics
motivations, signatures and measurements are described in Section 3.

2.2.1. Mercury comagnetometers. The 199Hg �201 Hg comagnetometer, a spatially-overlapping
clock-comparison, was developed in 1983[16] and was the first comagnetometer to utilize optical-
pumping and optical-readout. The original apparatus was built to search for a dipole-dipole
force between electrons and neutrons. Improved versions built in Seattle were used to search for
preferred reference frames[10] and spin-gravity interactions[17].

The 199Hg comagnetometer is unique in utilizing a single spin-species, so its design is completely
intertwined with its application as an EDM search and it is discussed in the EDM section (Sec.
3.1). Since its first implementation in 1987 the EDM sensitivity has improved from 10�26

e-cm to
7 · 10�30

e-cm [18, 19, 20, 21, 22, 8].
Mercury/Cesium comagnetometers, spatially-separated clock comparisons between the 199Hg

nucleus and the Cs electron, were first built in 1995[12]. A stack of three cells was used, with Hg in
the outer two cells and Cs in the inner cell. This configuration avoids the quadrupolar 201Hg nucleus
and has been used to search for preferred frames[12, 23] and for long-range 5th forces[24, 25, 26].

2.2.2. Noble-gas/Noble-gas clock-comparison. Clock comparisons between a pair of Noble-gases
date back to the 1980s when Chupp and collaborators implemented dual-species nuclear-spin-
optical-pumping via spin-exchange with Rubidium[27, 11], which underpins all other implemen-
tations. The first versions used a single chamber and alternated between a polarization period and
a measurement period, with the measurement using NMR excitation and read-out techniques.

The 3He�129Xe maser, a spatially-overlapping clock-comparison, was built in the 1990s[28, 29, 30]
and used for used for EDM[31], 5th force[32] and preferred frame[13] searches. The maser involved
two chambers, one to optically pump the spins and generate a population inversion, and the other
with pickup coils resonant to the two maser frequencies providing the readout and positive feedback
to enhance the masing. The atoms di↵used between the two chambers via a small tube.

The 129Xe�131Xe comagnetometer was built as a gyroscope and used to search for new forces[33].
The system was a spatially-overlapped clock comparison with Rb vapor in the same cell as the
Xenon. Lasers pumped and probed the Rb, and thereby the Xenon through the Rb-Xenon inter-
action.

The most recent all-Noble-gas comagnetometers were 3He� 129Xe� SQUID systems[34, 35, 36,
15, 37, 38]. The noble gases were polarized in a separate Rb spin-exchange optical pumping station
and then were transferred to an evacuated measurement chamber. The spins were monitored with
a SQUID magnetometer that measured the total field produced by the gas cell. The precession
frequencies of the two nuclei separated and extracted in data analysis and then a ~B0 invariant
frequency inferred:

!inv = !Xe � !He(�Xe/�He)(2)

where !i and �i are the frequency and gyromagnetic ratios of species i = He, Xe.
This technique is currently limited by the self-interactions of the nuclear spin-ensembles. Sig-

nificant further improvement could be possible with improved quantum-control and decoupling
techniques, as discussed in section 4.1.2.

2.2.3. Alkali-metal/Noble-gas self-compensating comagnetometer. These comagnetometers com-
pare the spin-quantization axes of colocated spin ensembles, one spin being an alkali-metal vapor
and the other a noble gas (specifically K-He and Rb-Ne). They have been built in a variety of
configurations and used to search for preferred reference frames and 5th forces. The principles
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1. Avenues for testing new physics

Among the most promising avenues for discovering new physics are precision measure-
ments on large numbers of coherent, fermionic spins. Theoretical advances are giving
more and more reasons to suspect that there may be undiscovered spin-coupled interac-
tions. Moreover, the techniques and equipment underpinning such experiments are evolving
rapidly and the great progress made in the last decade can be expected to continue for the
foreseeable future. These experimental techniques also have applications at the forefronts
of many other fields such as quantum information, ultra-sensitive magnetometry and med-
ical imaging. The broad relevance of these experimental techniques opens up possibilities
for cross-disciplinary collaboration and ensures that members of my group will have many
professional options.

Precision measurements of fermionic spins are particularly powerful as low-energy probes
of new physics. Spin-dependent interactions are typically characterized by an energy scale,
with the energy scale being inversely proportional to the coupling strength of the in-
teraction. Thus, experiments with sensitivity to weak spin interactions can probe very
high energy new physics. Experiments exploiting this fact include searches for electric-
dipole-moments induced by high-energy CP-violation [1, 2, 3, 4, 5], tests for Lorentz- and
CPT-violation at and above the Planck scale [6, 7, 8, 9, 10], and searches for new bosons
mediating spin interactions that violate CP-symmetry or are the pseudo-Goldstone relics
of new symmetries that are broken at high energies[11, 6, 12, 13, 14]. (The most famous
pseudo-Goldstone bosons are pions, but many others have been postulated, such as axions,
majorons and familons.)

Moreover, a broad range of interesting dark matter candidates can be probed using
experiments sensitive to spin-interactions. Axion-like pseudo-Goldstone bosons are good
cold dark matter candidates over a very wide mass range and their couplings can induce a
distinctive oscillating torque on fermionic spins. Dark matter searches based on this e↵ect
are an important new application for precision experiments with spin-polarized detectors.
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teraction. Thus, experiments with sensitivity to weak spin interactions can probe very
high energy new physics. Experiments exploiting this fact include searches for electric-
dipole-moments induced by high-energy CP-violation [1, 2, 3, 4, 5], tests for Lorentz- and
CPT-violation at and above the Planck scale [6, 7, 8, 9, 10], and searches for new bosons
mediating spin interactions that violate CP-symmetry or are the pseudo-Goldstone relics
of new symmetries that are broken at high energies[11, 6, 12, 13, 14]. (The most famous
pseudo-Goldstone bosons are pions, but many others have been postulated, such as axions,
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Moreover, a broad range of interesting dark matter candidates can be probed using
experiments sensitive to spin-interactions. Axion-like pseudo-Goldstone bosons are good
cold dark matter candidates over a very wide mass range and their couplings can induce a
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Magnitude ~ axion velocity in lab frame

the nature and potential discovery of ultralight dark matter
composed primarily of these particles. An axion is created
as the Goldstone boson of a high-scale symmetry breaking,
so we expect it to have a derivative interaction with
fermions of the form

Lax ¼ gaψ̄ψ∂μaψ̄γμγ5ψ ; ð1Þ

where ψ is the fermion field, a is the axion field, and gaψ̄ψ is
the coupling constant of the axion field to the fermions,
which is inversely proportional to the energy scale of the
symmetry breaking. If the axion is ultralight (below∼1 eV),
then the phase space density of the dark matter implies there
must be many particles per cubic de Broglie wavelength.
Much like the large occupation of photons acts to form a
coherent electromagnetic wave, we expect that this large
number density of axions should act as a classical field, with
the particle oscillating around theminimum of its classically
quadratic potential with a frequency equal to its mass. The
field then takes the form aðt; x⃗Þ ∼ a0 cos ðEatþ p⃗a · x⃗Þ,
where Ea and p⃗a are the energy and momentum, respec-
tively, of the axion. The distribution of energy (and thus
frequency) is centered on themassma of the axion, but since
the axions are nonrelativistic andmoving at a velocity v, they
have a small spread in their energy set by the kinetic energy
of the axionmav2. We can understand the coherent effect of
the axion field by analyzing the nonrelativistic limit of the
above interaction, which gives rise to the following
Hamiltonian:

Hax ¼ −gaψ̄ψ∇⃗a · σ⃗ψ ; ð2Þ

where σ⃗ψ is the spin operator of the fermion field ψ . This
simplification of the Hamiltonian can be understood by
recognizing the Lagrangian in Eq. (1) as a magnetic dipole
moment operator, with a pseudomagnetic field defined by
the gradient (and momentum) of the axion field. This
pseudomagnetic field couples only to spin, and hence all
axion-coupled fermions precess around the direction of the
axion dark-matter momentum.
We assume the axion dark matter permeates throughout

the galaxy, and so this creates an “axion wind” that flows
through the Earth at the galactic virial velocity, v⃗ ∼ 10−3v̂.
The momentum of this wind thus can be calculated as
∇⃗a ∼ p⃗aa ∼mav⃗a0 cosmat. We can further simplify this
by recognizing that the energy density of this field can be
calculated as ρDM ¼ 1

2m
2
aa2, where ρDM ¼ ð0.04 eVÞ4 is

the established measured energy density of dark matter in
the Galaxy. Using these facts, we can further simplify the
Hamiltonian as

Hax ∼ gaψ̄ψa0maðv⃗ · σ⃗ψÞ cosmat

⇒ Hax ∼
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
v⃗ · σ⃗ψ cosmat: ð3Þ

We can see from this final Hamiltonian that this is
analogous to the coupling of spin to a pseudomagnetic field

of size B ∼ gaψ̄ψv
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
/γψ , where γψ is the gyromagnetic

ratio of the fermion. Since we are interested in the spin
precession of fundamental fermions and we do not know
the direction of the dark matter relative to the Earth, we take
v⃗ · σ⃗ ¼ 1

2 v on average (assuming the spins are collinear
with the axion field, and ignoring order 1 factors account-
ing for the rotation of the Earth). We then estimate the size
of axion-induced energy splitting per spin as

Hax ∼ 10−25 eV
"

gaψ̄ψ
10−10 GeV−1

#"
v

10−3

#

×

0

@
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ρDM
ð0.04 eVÞ4

s 1

A cosmat: ð4Þ

Although this is a small effect, making use of a large
number of coherent spins can greatly increase the potential
for direct detection through this channel, as previously
discussed for heavier axions with masses between 10−14

and 10−7 eV [22,23].
Experiments designed to search for spin-dependent vio-

lation of Lorentz invariance (LIV) are a natural starting point
for these ultralight axion searches. The LIV signal manifests
itself at lowest order through the nonrelativistic Hamiltonian
H ¼ bψ · σψ , where bψ is the overall energy shift that
quantifies the size of the local Lorentz violating field
[63,64]. We can immediately see a correspondence between
this energy shift bψ and the axion coupling gaψ̄ψv

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
, so

we expect the LIV signal to be identical to the axion signal in
the zero axion mass limit. These same experiments, includ-
ing spin-polarized torsion pendulums and atomic magne-
tometers, can then be used with little to no modification to
search for slowly varying axion fields. We discuss for each
experiment how bounds on these measured values can be
interpreted in terms of limits on the axion coupling.
In this paper, we study the experimental effects of

axionlike particles at the lowest axion masses, i.e.
ma ∼ 10−14–10−22 eV, including the mass range of fuzzy
dark matter. In this mass regime, the axion field oscillates at
frequencies from 100 nHz (roughly an inverse year) to
100 Hz, and so the axion signal is modulated at exper-
imentally accessible time scales. The experiments consist of
many measurements each with an inverse time scale T−1

meas
that is usually within the frequency range of interest in this
paper. For the lowest axion masses ma ≪ T−1

meas, and the
axion signal is essentially constant over an individual
measurement. In this case, the axion-induced precession
would vary across measurements, with the variation appear-
ing at the axion Compton frequency. At the other end of the
frequency range, where ma ≫ T−1

meas, the axion signal
oscillates many times per measurement and requires tech-
niques with sub-Tmeas resolution to extract.
We discuss several existing experiments that, with some

modifications and optimizations, can be used to search for
axion dark matter at the extreme ultralight frontier. We note
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1. Avenues for testing new physics

Among the most promising avenues for discovering new physics are precision measure-
ments on large numbers of coherent, fermionic spins. Theoretical advances are giving
more and more reasons to suspect that there may be undiscovered spin-coupled interac-
tions. Moreover, the techniques and equipment underpinning such experiments are evolving
rapidly and the great progress made in the last decade can be expected to continue for the
foreseeable future. These experimental techniques also have applications at the forefronts
of many other fields such as quantum information, ultra-sensitive magnetometry and med-
ical imaging. The broad relevance of these experimental techniques opens up possibilities
for cross-disciplinary collaboration and ensures that members of my group will have many
professional options.

Precision measurements of fermionic spins are particularly powerful as low-energy probes
of new physics. Spin-dependent interactions are typically characterized by an energy scale,
with the energy scale being inversely proportional to the coupling strength of the in-
teraction. Thus, experiments with sensitivity to weak spin interactions can probe very
high energy new physics. Experiments exploiting this fact include searches for electric-
dipole-moments induced by high-energy CP-violation [1, 2, 3, 4, 5], tests for Lorentz- and
CPT-violation at and above the Planck scale [6, 7, 8, 9, 10], and searches for new bosons
mediating spin interactions that violate CP-symmetry or are the pseudo-Goldstone relics
of new symmetries that are broken at high energies[11, 6, 12, 13, 14]. (The most famous
pseudo-Goldstone bosons are pions, but many others have been postulated, such as axions,
majorons and familons.)

Moreover, a broad range of interesting dark matter candidates can be probed using
experiments sensitive to spin-interactions. Axion-like pseudo-Goldstone bosons are good
cold dark matter candidates over a very wide mass range and their couplings can induce a
distinctive oscillating torque on fermionic spins. Dark matter searches based on this e↵ect
are an important new application for precision experiments with spin-polarized detectors.
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1. Avenues for testing new physics

Among the most promising avenues for discovering new physics are precision measure-
ments on large numbers of coherent, fermionic spins. Theoretical advances are giving
more and more reasons to suspect that there may be undiscovered spin-coupled interac-
tions. Moreover, the techniques and equipment underpinning such experiments are evolving
rapidly and the great progress made in the last decade can be expected to continue for the
foreseeable future. These experimental techniques also have applications at the forefronts
of many other fields such as quantum information, ultra-sensitive magnetometry and med-
ical imaging. The broad relevance of these experimental techniques opens up possibilities
for cross-disciplinary collaboration and ensures that members of my group will have many
professional options.

Precision measurements of fermionic spins are particularly powerful as low-energy probes
of new physics. Spin-dependent interactions are typically characterized by an energy scale,
with the energy scale being inversely proportional to the coupling strength of the in-
teraction. Thus, experiments with sensitivity to weak spin interactions can probe very
high energy new physics. Experiments exploiting this fact include searches for electric-
dipole-moments induced by high-energy CP-violation [1, 2, 3, 4, 5], tests for Lorentz- and
CPT-violation at and above the Planck scale [6, 7, 8, 9, 10], and searches for new bosons
mediating spin interactions that violate CP-symmetry or are the pseudo-Goldstone relics
of new symmetries that are broken at high energies[11, 6, 12, 13, 14]. (The most famous
pseudo-Goldstone bosons are pions, but many others have been postulated, such as axions,
majorons and familons.)

Moreover, a broad range of interesting dark matter candidates can be probed using
experiments sensitive to spin-interactions. Axion-like pseudo-Goldstone bosons are good
cold dark matter candidates over a very wide mass range and their couplings can induce a

1
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I. INTRODUCTION

The cold-dark-matter paradigm has been established as a critical part of our understanding of cosmology,
but the fundamental nature of this dark matter remain unknown [1]. Axions are among the most well-
motivated of the viable dark matter candidates, with many theories of Beyond the Standard Model physics
including mechanisms that can produce ubiquitous axions and other ultralight bosons with the correct
abundance to match the observed dark matter density [2–12]. The large parameter space where ultra-light
bosons are good dark matter candidates has inspired new interest in experimental searches for axion and
axion-like searches [13–27] as well as other types of ultra-light bosonic dark matter [28–45], with many
experiments in progress.

In particular, there has been renewed interest in these types of ultralight dark matter with masses as low
as ma ⇠ 10�22 eV. This “Fuzzy Dark Matter” has a Compton wavelength on the order of the size of dwarf
galaxies, which circumvents potential problems associated with structure formation from standard cold dark
matter [46–51]. In addition, recent measurements suggest there are slight excesses in the cooling of white
dwarfs that could be explained by the addition of ultralight axions [52]. This extreme ultralight dark matter
has been the focus of several recent experimental proposals [41–44], but most have focused on scalar dark
matter and its couplings. In this paper, we present several experiments that can be modified or created to
search for axions at the lightest masses, and evaluate their potential to reach axion couplings several orders
of magnitude beyond current astrophysical bounds.

In this paper, we focus exclusively on axion-like particles, and refer to them as axions for short. An axion
is created as the Goldstone boson of a high-scale symmetry breaking, so we expect it to have a derivative
interaction with fermions of the form:

Lax = g
a ̄ 

@µa ̄�
µ
�
5
 (1)

where  is the fermion field, a is the axion field, and g
a ̄ 

is the coupling constant of the axion field to
the fermions, which is inversely proportional to the energy scale of the symmetry breaking. If the axion
is ultralight (below ⇠ 1 eV), then the phase space density of the dark matter implies there must be many
particles per cubic de Broglie wavelength. As a result, the axions should act as a classical field, with the
particle oscillating around the minimum of its classically quadratic potential with a frequency equal to its
mass. We can understand this coherent e↵ect by analyzing the non-relativistic limit of the above interaction,
which gives rise to the following Hamiltonian:

Hax = �g
a ̄ 

~ra · ~� ⇠ g
a ̄ 

a0ma (~v · ~� ) cosmat (2)

) Hax ⇠ g
a ̄ 

p
2⇢DM~v · ~� cosmat (3)

where  is the field of any fermion with a spin operator ~� , ~v ⇠ 10�3
v̂ is the virial velocity and direction of

the dark matter, and ⇢DM = 1

2
m

2

a
a
2 = (0.04 eV)4 is the density of dark matter in the galaxy. The values of v

and ⇢DM are established by measurement of the virialized dark matter in the galaxy. Since we are interested
in the spin precession of fundamental fermions, we will take ~v · ~� = 1

2
v on average (assuming the spins are

collinear with the axion field, and ignoring order one factors accounting for the rotation of the Earth). We
then estimate the size of axion-induced energy splitting per spin as:

Hax ⇠ 10�25 eV

✓
g
a ̄ 

10�10 GeV�1

◆⇣
v

10�3

⌘✓r
⇢DM

(0.04 eV)4

◆
cosmat (4)

From Equation 2, we see that the gradient of the axion field creates a pseudo-magnetic field of size
B ⇠ g

a ̄ 
v
p
2⇢DM/� , where � is the gyromagnetic ratio of the fermion. This pseudo-magnetic field

couples only to spin, and hence adds weakly to the Larmor precession of all fundamental particles with spin.

2

the nature and potential discovery of ultralight dark matter
composed primarily of these particles. An axion is created
as the Goldstone boson of a high-scale symmetry breaking,
so we expect it to have a derivative interaction with
fermions of the form

Lax ¼ gaψ̄ψ∂μaψ̄γμγ5ψ ; ð1Þ

where ψ is the fermion field, a is the axion field, and gaψ̄ψ is
the coupling constant of the axion field to the fermions,
which is inversely proportional to the energy scale of the
symmetry breaking. If the axion is ultralight (below∼1 eV),
then the phase space density of the dark matter implies there
must be many particles per cubic de Broglie wavelength.
Much like the large occupation of photons acts to form a
coherent electromagnetic wave, we expect that this large
number density of axions should act as a classical field, with
the particle oscillating around theminimum of its classically
quadratic potential with a frequency equal to its mass. The
field then takes the form aðt; x⃗Þ ∼ a0 cos ðEatþ p⃗a · x⃗Þ,
where Ea and p⃗a are the energy and momentum, respec-
tively, of the axion. The distribution of energy (and thus
frequency) is centered on themassma of the axion, but since
the axions are nonrelativistic andmoving at a velocity v, they
have a small spread in their energy set by the kinetic energy
of the axionmav2. We can understand the coherent effect of
the axion field by analyzing the nonrelativistic limit of the
above interaction, which gives rise to the following
Hamiltonian:

Hax ¼ −gaψ̄ψ∇⃗a · σ⃗ψ ; ð2Þ

where σ⃗ψ is the spin operator of the fermion field ψ . This
simplification of the Hamiltonian can be understood by
recognizing the Lagrangian in Eq. (1) as a magnetic dipole
moment operator, with a pseudomagnetic field defined by
the gradient (and momentum) of the axion field. This
pseudomagnetic field couples only to spin, and hence all
axion-coupled fermions precess around the direction of the
axion dark-matter momentum.
We assume the axion dark matter permeates throughout

the galaxy, and so this creates an “axion wind” that flows
through the Earth at the galactic virial velocity, v⃗ ∼ 10−3v̂.
The momentum of this wind thus can be calculated as
∇⃗a ∼ p⃗aa ∼mav⃗a0 cosmat. We can further simplify this
by recognizing that the energy density of this field can be
calculated as ρDM ¼ 1

2m
2
aa2, where ρDM ¼ ð0.04 eVÞ4 is

the established measured energy density of dark matter in
the Galaxy. Using these facts, we can further simplify the
Hamiltonian as

Hax ∼ gaψ̄ψa0maðv⃗ · σ⃗ψÞ cosmat

⇒ Hax ∼
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
v⃗ · σ⃗ψ cosmat: ð3Þ

We can see from this final Hamiltonian that this is
analogous to the coupling of spin to a pseudomagnetic field

of size B ∼ gaψ̄ψv
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
/γψ , where γψ is the gyromagnetic

ratio of the fermion. Since we are interested in the spin
precession of fundamental fermions and we do not know
the direction of the dark matter relative to the Earth, we take
v⃗ · σ⃗ ¼ 1

2 v on average (assuming the spins are collinear
with the axion field, and ignoring order 1 factors account-
ing for the rotation of the Earth). We then estimate the size
of axion-induced energy splitting per spin as

Hax ∼ 10−25 eV
"

gaψ̄ψ
10−10 GeV−1

#"
v

10−3

#

×

0

@
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ρDM
ð0.04 eVÞ4

s 1

A cosmat: ð4Þ

Although this is a small effect, making use of a large
number of coherent spins can greatly increase the potential
for direct detection through this channel, as previously
discussed for heavier axions with masses between 10−14

and 10−7 eV [22,23].
Experiments designed to search for spin-dependent vio-

lation of Lorentz invariance (LIV) are a natural starting point
for these ultralight axion searches. The LIV signal manifests
itself at lowest order through the nonrelativistic Hamiltonian
H ¼ bψ · σψ , where bψ is the overall energy shift that
quantifies the size of the local Lorentz violating field
[63,64]. We can immediately see a correspondence between
this energy shift bψ and the axion coupling gaψ̄ψv

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
, so

we expect the LIV signal to be identical to the axion signal in
the zero axion mass limit. These same experiments, includ-
ing spin-polarized torsion pendulums and atomic magne-
tometers, can then be used with little to no modification to
search for slowly varying axion fields. We discuss for each
experiment how bounds on these measured values can be
interpreted in terms of limits on the axion coupling.
In this paper, we study the experimental effects of

axionlike particles at the lowest axion masses, i.e.
ma ∼ 10−14–10−22 eV, including the mass range of fuzzy
dark matter. In this mass regime, the axion field oscillates at
frequencies from 100 nHz (roughly an inverse year) to
100 Hz, and so the axion signal is modulated at exper-
imentally accessible time scales. The experiments consist of
many measurements each with an inverse time scale T−1

meas
that is usually within the frequency range of interest in this
paper. For the lowest axion masses ma ≪ T−1

meas, and the
axion signal is essentially constant over an individual
measurement. In this case, the axion-induced precession
would vary across measurements, with the variation appear-
ing at the axion Compton frequency. At the other end of the
frequency range, where ma ≫ T−1

meas, the axion signal
oscillates many times per measurement and requires tech-
niques with sub-Tmeas resolution to extract.
We discuss several existing experiments that, with some

modifications and optimizations, can be used to search for
axion dark matter at the extreme ultralight frontier. We note
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Current Data
(1 day of data)

Old Data 2 months

an extremely long baseline that allows for interrogation times
of up to T ¼ 100 s. Both of these proposals also include the
possibility of using an increased shot repetition rate of up
to 10 Hz, effectively increasing the shot noise to δϕ≃
3 × 10−5 rad/

ffiffiffiffiffiffi
Hz

p
. These are all plotted in Fig. 3, showing

that this improves the sensitivity to the axion by up to 2 orders
of magnitude, probing past the astrophysical bounds.
We find that this experiment is particularly sensitive to

axions right around the transition mass of ma ¼ π
T. Below

this mass, the interferometer is only sensitive to the total
phase accumulated during the interrogation time. Right
above the transition mass, we see that the broadband and
resonant experiment have nearly the same sensitivity, but
the resonant experiment quickly provides greater sensitivity
despite the loss of integration time. The resonant experi-
ment shows strong sensitivity for several decades after the
transition point, at least up to the second kink where the
limited number of laser pulses becomes an issue.
Further improvements include “bouncing” the atoms in

the interferometer to increase the effective interrogation
time, as well as spin squeezing to improve the signal-
to-noise ratio towards the Heisenberg limit. Current sque-
ezing experiments have demonstrated squeeze factors offfiffiffiffi
N

p
∼ 100, providing large signal boosts as well as relaxing

the requirement on atom number [79]. These squeezing
techniques have not yet been demonstrated in the context of
atom interferometry, but in an optimistic scenario, we could
expect at least an order of magnitude improvement from
squeezing.

V. VECTOR COUPLINGS

This oscillating spin coupling is not unique to the axion,
as it can arise from any operator that couples an external
classical field to fermions. In particular, this same coupling
can arise from the coupling of a spin-1 vector, commonly
known as the hidden photon. These couplings take similar
forms to the axion couplings described above, and thus the
related plots look identical to those in the previous section,
as we show below. In particular, we focus on the dimen-
sion-5 electric and magnetic dipole moment operators due
to their similarity to the axion operator, and on the kinetic
mixing term induced at one loop by this operator.
First we consider the magnetic dipole moment operator,

which couples the hidden photon field to the spins of
electrons or nucleons. Following the example of the
magnetic dipole moment operator for photons, we can
write this coupling in the Lagrangian as

L ⊃ gAψψF0
μνψ̄σμνψ ; ð19Þ

where F0
μν ¼ ∂μA0

ν − ∂νA0
μ, i.e. the field strength of the

hidden photon field, and ψ stands for either an electron or
nucleon. Under the same assumption as in the axion case
that the hidden photon field can be modeled as a classical
wave and following the standard formulation of the
electromagnetic field strength tensor, we can estimate
the size of the hidden electric and magnetic fields as
E0 ∼ B0/v ∼

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
. This then allows us to approximate

this coupling in terms of a nonrelativistic Hamiltonian,

H ≃ gAψψ B⃗ 0 · σ⃗ψ ∼ gAψψ
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
v⃗ · σ⃗: ð20Þ

From Eq. (20) it is clear that the sensitivities of our
experiments for the coupling gAψψ are identical to those for
the axion spin couplings we have already considered. The
primary difference is the current bounds on this coupling
that exist from astrophysical sources. We can estimate
similar astrophysics bounds as for the axion by considering
the influence of hidden photons on the cooling rates of
stars. The processes that contribute to this cooling rate are
identical for this particular axion and hidden photon
coupling. In fact, the cross section for the hidden photon
processes is exactly twice that of the axion processes due to
the multiple polarization states of the hidden photon [80].
The bounds shown in the plots above are thus strengthened
only by a factor of

ffiffiffi
2

p
. Thus the plots for hidden photon

dark matter should look very similar to those for the axion,
Figs. 1–3 above.
Much like the magnetic dipole moment, there is also an

associated electric dipole moment term for the hidden
photon. For a normal photon, the electric dipole moment
coupling to spin vanishes due to CP symmetry. However,
because the hidden photon could also be CP violating, we
can just as easily have an electric dipole term for the hidden
photon. Again following the form of the electric dipole

FIG. 3. Estimate of the exclusion sensitivity reach of the atom
interferometer for the gaNN coupling over an integration time of
1 year. Again, we see a flat frequency response at low frequencies
due to the effective DC response of the phase shift. The signal
reduces at higher frequencies in the broadband experiment as the
phase shift is only sensitive to the amplitude of the oscillations.
This can be improved with a resonant experiment that amplifies
the phase shift at the axion frequency, which then falls off due to
the amount of time spent in each frequency bin. Future experi-
ments are primarily improved by reducing shot noise and
increasing interrogation time of the experiment.
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Rb-interaction free system
SQUID readout (more expensive, more complicated)
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• Must control nuclear self-interactions 
(collisional and geometric couplings)


• Controlled cell geometry


• Decouple self-interaction Hamiltonian


• Precise quantum state initialization
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direction (Earths rotation effect)



Potential for Ultra-light Axion search 
FDM Commercial Gear

Density: 1 amagat
Polarization: 50%
Cell size: 3 x 3.285 cm
SQUID noise: 1 fT
SQUID distance: 2.5 cm
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FDM

Beyond
Decay time T2 limited by Xenon-dimers
— Run hotter (T2 x10?)  or 
— Higher pressure (x20) or  
— decoupling procedures

SQUID noise limited by pickup-loop 
inductance:
— Custom SQUID coil (x7) &
— Better coupling (x5)

Big hammer:
— 50 cm cell (x30), gradients at nEDM levels, 
low magnetic field noise needed

109 GeV
Astro-

physics

Reach

He-Ne Goal 2 ⋅ 1010 GeV

2nd Gen 3 ⋅ 1014 GeV

Towards GUT scale

1st Gen 1.2 ⋅ 1012 GeV

Beyond 1015 GeV+

2nd Gen
T2 5hrs: Xenon-dimer
50% polarization, SQUID to 200 aT 
(5cm cell)



Further Impact of High-Performance Comagnetometer
With pHz or better energy resolution

• Xenon - EDM measurement in the  range?  Systematics 
dependent


• Along with compact spin-sources: search for Goldstone bosons 
(pseudoscalars) beyond stellar cooling limits


• Using Neon (quadrupolar nucleus): Best measurements of Lorentz symmetry 
in E&M

10−32e − cm



Role of DOE and HEP in improving measurements
Technical and Material Advances

• Some technical improvements more suitable to national lab/staff scientist roles 
than graduate student or post-doc: 
    - long time scales and incremental progress  
    - need to preserve knowledge 
    - need to share technical advances with multiple groups 
 
1. super High-Q silica:  helps any mechanical system 
2. low noise surfaces:  helps all short-range gravity test 
3. low magnetic noise materials: helps room-temperature magnetometer readout 
4. Quantum-limited DC SQUID: comagnetometry and low-frequency axion-
photon 

Stanford Research Systems FS725 Rb frequency standard.
In order to fit the signal into the range of our digitizer, we
filter the signal through a 10 kHz high-pass filter and a
1.9 MHz anti-aliasing filter before sending it to the
digitizer.
To calibrate the detector, we run a superconducting wire

through the volume of the toroid at a radius of 4.5 cm into
which we can inject an ac current to generate a field in the
pickup loop, similar to what we expect from an axion
signal. The coupling between the calibration and pickup
loop can be calculated from geometry to be ≈50 nH. We
perform a calibration scan to calculate the end-to-end gain
of our readout system. Our calibration measurements
indicate that our pickup-loop flux-to-current gain is lower
than expected by a factor of ∼6. We determined this to be
likely due to parasitic impedances in the circuit, and wewill
address this issue in future designs.
Data collection.—We collected data from July 16, 2018

to August 14, 2018, for a total integration time of
T int ¼ 2.45 × 106 s. The data stream was continuously
sampled at a sampling frequency of 10 MS=s for the
duration of the data-taking period. After completing the
magnet-on data run, we collected two weeks of data with
the magnet off, but otherwise in the same configuration.
During data taking, the data follow two paths. First, we

take the discrete Fourier transform (DFT) of individual
sequential 10 s buffers of 108 samples each to produce a
series of PSDs. These are accumulated together to produce
an average PSD, called F̄ 10M, with a Nyquist frequency of
5 MHz and a frequency resolution of Δf ¼ ð10sÞ−1 ¼
100 mHz. In the second path, the streamed data are
decimated by a factor of 10, to a sampling frequency of
1 MS=s, collected into a 100 s buffer of 108 samples, then

transformed and compiled into a similar running average
PSD, F̄ 1M, with Nyquist frequency of 500 kHz and
Δf ¼ ð100sÞ−1 ¼ 10 mHz. The 1 MS=s data stream is
further decimated in real time to a 100 kS/s stream and
written directly to disk. This can be transformed offline to
produce F 100 k, with a Nyquist frequency of 50 kHz and
Δf ¼ 1=T int ≈ 408 nHz. We do not use F 100 k for the
present search. All DFT transforms are taken with the
FFTW3 library [47].
The F̄ 10M spectra are written to disk and reset after every

80 averages; each stored spectrum thus covers a period of
800 s. This allows us to separate time-dependent noise
signals from a constant axion signal. Similarly, the F̄ 1M
spectra are written to disk and reset every 16 averages, and
cover a period of 1600 s. Figure 2 shows the full F̄ 10M

spectrum as well as close-ups of the F̄ 1M spectra, con-
verted to pickup loop flux spectral density using the
calibration measurements.
Each of the F̄ 10M, F̄ 1M, andF 100 k spectra have a usable

range limited by the Nyquist frequency on the high end,
and the frequency resolution required to resolve a potential
axion signal on the low end. With our sampling frequency
and integration times, we could perform a search over the
range from 440 mHz–5 MHz with enough resolution that a
potential signal would span 5–50 frequency bins (assuming
a typical ADM velocity of ∼220 km=s), though in practice
our search range is limited by the signal filters.
We observed large 1=f-type behavior below ∼20 kHz,

with broad noise peaks extending up to ∼100 kHz.
This noise is strongly correlated with vibration on the
top plate of the cryostat up to the highest frequency
measured by our accelerometer, ∼10 kHz [13]. We believe
that the tail of this noise continues up to higher frequencies

FIG. 2. Flux spectrum averaged over the data used in this analysis. (a) The spectrum over the frequency range 11 kHz < f < 3 MHz,
corrected for the predigitizer filters (blue). For comparison, we also show the digitizer noise floor, corrected for predigitizer filters (gray)
and the characteristic SQUID flux floor (green dashed). The axion search range is between the dotted black lines. (b) A zoomed view of
the 10 MS=s spectrum (blue) with Δf ¼ 100 mHz and an example axion signal at the 95% upper limit (red dashed). (c) A zoomed view
of the 1 MS=s spectrum with Δf ¼ 10 mHz. Note that the digitizer data was collected at a different time from the SQUID data, and
shows a few transient peaks that are not present in the SQUID data.

PHYSICAL REVIEW LETTERS 122, 121802 (2019)

121802-3

SQUID noiseVibrations

ARTICLES NATURE PHYSICS

parameter β2νa ¼ 3v20νa=ð2c2Þ $ 10%6νa
I

, where v0 ¼ 220kms"1

Iis the local velocity of motion around the centre of the Galaxy. 
Following a simplified version of the data analysis approach used 
by the ADMX and HAYSTAC collaborations, we rejected the 
narrow-band RF interference and broadband spectral baseline by 
using Savitzky–Golay digital filtering to isolate these spectral fea-
tures in the frequency domain24,43. By inserting simulated axion sig-
nals into our data, we determined that these corrections attenuated 
the axion spectral signals by 7%, and the final limits were accord-
ingly adjusted (Supplementary Information).

We independently performed the search for axion-like signals 
in each of the averaged spectra hΦ2

ðA;B;þ;#Þi
I

 in the frequency range 
from 3 kHz to 3 MHz. In this range, each spectrum contained 
6.6 × 109 independent frequency points, which were grouped into 
857 frequency bins with bin width set to 104β2νb, where νb is the 
bin centre frequency. We modelled the histogram of the PSD val-
ues in each bin as the chi-squared distribution with 94 degrees 
of freedom, corresponding to the two quadratures of the Fourier 
transform averaged over 47 independent data blocks (Fig. 4a). We 
optimally filtered the data within each frequency bin by convolv-
ing with the axion lineshape from the standard halo model. We 
modelled the histogram of the optimally filtered data points as the 
normal distribution (verified by a Lilliefors test) and determined 
the standard deviation, σ, by fitting to the Gaussian dependence  
(Fig. 4b). We set the threshold for candidate detection at 3.355σ, 
equivalent to 95% confidence interval for 5σ detection43, and we 

flagged all the points above the threshold as candidates. In the fre-
quency range from 3 kHz to 3 MHz, with our analysis parameters, 
there were 20,043,605 possible ALP frequency points. Assuming 
that the optimally filtered spectra were normally distributed, we 
would statistically expect 7,954 candidate frequencies at which the 
spectral value was above the threshold of 3.355σ for any given chan-
nel. Our analysis procedure yielded 16,292 candidates in channel A, 
35,375 candidates in channel B, 27,278 candidates in the symmetri-
cally combined channel and 12,513 candidates in the antisymmetri-
cally combined channel. The additional candidates appeared due to 
residual electromagnetic interference and lower-frequency vibra-
tional tones that were missed by our spectral correction procedure.

Resonant experiments, such as the ADMX and HAYSTAC 
experiments, involve re-scans of the candidate frequencies to 
verify if they are statistical deviations or real axion signals. In our 
analysis, we used the two detector channels to arrive at this deci-
sion. Claims of detecting axion-like dark matter could be made 
for candidates that are above the thresholds for the antisymmet-
ric channel as well as both channels A and B, but not for the sym-
metric channel. None of the candidates satisfied all four of these 
detection conditions. As a check of our data analysis procedure, 
we inserted numerically generated ALP signals into our data and 
verified that our analysis recovered the signals with their correct 
coupling strengths (Supplementary Information). We used the con-
version Φa = ωagaγa0B0V/c between gaγ and Φa, with the mean mag-
netic field B0 = (1.51 ± 0.03) T at a 6 A magnetizing current and the 
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Fig. 3 | Calibration and sensitivity of SQUID detection channels. a, Magnetic flux calibration measurements: a sinusoidally varying current was injected 
into the central calibration loop and the responses from the two SQUID detection channels were recorded. The dashed black line shows the signal 
proportional to the injected current at 142!kHz; the red and blue lines denote the time-domain responses of channels A and B, respectively (offset along 
the y axis for clarity). At this frequency, the channels are in phase. The full quadrature calibration was performed as a function of the excitation frequency 
up to 4!MHz (Supplementary Information). b, Frequency dependence of the absolute values of the SQUID flux-to-voltage transfer functions for channel A 
(red squares) and channel B (blue circles). The low-frequency value of the transfer function was consistent with the inductive coupling model shown in Fig. 
1b, and the high-frequency roll-off was due to the finite bandwidth of the SQUID FLL feedback electronics. Each standard deviation error bar is of the order 
of the symbol size. c,d, Noise spectra of the SQUID magnetic sensors for channels A and B, respectively. Noise at frequencies below 10!kHz was correlated 
with cryostat vibrations, and degradation at frequencies above 1!MHz was due to SQUID transfer function roll-off.
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Role of DOE and HEP in improving measurements
Ultra-Stable (underground) National Facility

• High-stability, low noise national facility O(200m deep): 
    - along the lines of the low background facilities like Sanford 
    - many experiments are limited by vibrations (ABRACADRABRA type, self-
compensating comagnetometers, tests of gravity) 
   - thermal systematics are pernicious (10x lower underground — w/o stabilization) 
    - gravitational gradient noise difficult to handle 
    - low-frequency magnetic field variations (mHz-microHz)? 

candidate for the future Japanese full-scale gravitational
wave antenna project !LCGT" #20,21$.
The most decisive reason why Kamioka was selected as

the detector site for LISM was that the seismic noise level in
the underground facility is extremely low with few artificial
seismic excitations. The quiet environment there is an over-
whelming benefit for a suspended-mass laser interferometer
because the stability of the system depends largely on the
lack of seismic and other environmental disturbances. For
the laser interferometer once technical noises are suppressed,
the spectral sensitivity at the lowest-frequency region !typi-
cally below a few 10 Hz" is expected to be limited by the
seismic noise even after the attenuation by the vibration iso-
lation systems, so low-level seismic noise is quite important
in this frequency region. In addition, slow motion of the
ground below 1 Hz, including microseismic noise, also plays
an important role for stable operation of laser interferometer.
The rms value of the seismic displacement in this frequency
region affects lock acquisition, stability, and robustness of
the lock. This is because the suspension systems, which have
an eigenfrequency of about 1 Hz, cannot be expected to have
sufficient isolation at and below that frequency.
The typical seismic acceleration is plotted as a function of

time at the Kamioka site in comparison with that of Tokyo in
Fig. 1. The rms value of acceleration at the LISM site is
about 100 times smaller than that at the Tokyo site, which is
almost comparable with the transient excitations generated
by blasting activities of mining nearby. The displacement
noise power spectrum of seismic motion is shown in Fig. 2.
The seismic motion is smaller than that of Tokyo by two to
three orders of magnitude in the low-frequency region. The
fact that seismic motion is extremely small at lower frequen-
cies !below 1 Hz typically" is due to the fact that Kamioka is
located in a relatively quiet region of the Japan islands while
the low seismic noise at observational frequencies is due to
the fact that the laboratory site is deep underground, 1000 m
from the surface, so the seismic motion is strongly damped
in the high-frequency region.

In addition, there is a much smaller temperature variation
in the underground cave than at the surface, as shown in Fig.
3. As the variation was so small, no temperature control sys-
tem was employed for the laboratory containing the LISM
antenna. This was better than having an active temperature
control system. The temperature stability at the site was con-
siderably better than that at the surface-based TAMA 300
site, which is air conditioned. The temperature variation
!drift" in the laboratory was about 0.01 °C each day in the
absence of operators. Human presence was the most signifi-
cant heat and moisture source in this environment. Owing to
the excellent temperature stability, the drift of the control
loops, the fluctuations in the frequency of laser light, the

FIG. 1. The acceleration amplitude due to the seismic motion
measured with accelerometers is shown as a function of time. The
acceleration of the Tokyo site is typically greater than that of the
Kamioka site by about two orders of magnitude. Two noise spikes
around 500 and 900 sec are caused by blasting activity near the site.
These noise spikes have a level almost comparable to the usual
acceleration level of Tokyo.

FIG. 2. The seismic noise of the site in the horizontal direction
is shown in displacement as a function of the Fourier frequency.
The difference in the low-frequency region below 100 Hz clearly
shows the merit of the Kamioka underground site. The seismic dis-
placement noise of LIGO Hanford Observatory !LHO", measured
inside one of the station buildings #29$, is shown as a reference. The
frequency range of the LHO spectrum was limited by the bandwidth
of the seismometer sensor.

FIG. 3. The temperature and humidity variation in the LISM
laboratory in comparison with that in the TAMA 300 site. The
variations of the LISM site were almost flat, showing 0.01 degree/
day and 0.08%/day for temperature and humidity variation, respec-
tively. In addition, there were no apparent daily variation, and the
trend over several days was caused by the change in the weather,
which was clearly seen in the TAMA 300 site data even though air
conditioning was used.
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vibrations 100x better
Temp changes 10x lower 
     (w/o stabilization!)
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Fig. 7. Attenuation of the Newtonian noise versus the deepness of the interferometer, according
to the simple model of Eq. 1, computed for cT = 220 m/s and cL = 440 m/s.

very low seismic noise profile. In particular three underground sites, located in
Sardinia (Italy), Hungary and Spain have very low noise, as shown in Fig. 8.

2.2. Seismic noise filtering

In order to reduce the noise level in the low frequency range, seismic noise filtering
is mandatory in gravitational-wave detectors. Because of the unavoidable coupling
between all the degrees of freedom in a suspension system, it is necessary that all
the modes of the suspension are filtered; in particular a suspension should filter
the seismic vibration both in the horizontal (mainly along the beam axis) and
vertical directions. The first detector incorporating an advanced seismic filtering
system has been Virgo, thanks to the implementation of the so-called SA.48 The
SA is based on the so-called passive filtering strategy (to be compared to the active
filtering adopted in Advanced LIGO); essentially, to filter the horizontal vibration
induced by the seismic noise, the optics of the detector are suspended by a chain of
pendulums (five in Virgo). A pendulum, having the fundamental angular frequency
ω1 = 2πf1 =

√
g/l1 acts as an horizontal filter at frequencies f ! f1; in a chain

of f1, f2, . . . , fN pendulums the vibration of the suspension point, for frequencies
f ! f1, f2, . . . , fN is transmitted with an attenuation proportional to

(f1 × f2 × · · ·× fN )2

f2N
. (3)
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